ReRAM-based neuromorphic computing accelerator is evaluated after intentionally inducing a displacement damage up to a fluence of 10 14 2.5-MeV Si ions/cm 2 on the analog devices that are used to store weights. Results are consistent with a radiationinduced oxygen vacancy production mechanism. When the device is in the high-resistance state during heavy ion radiation, the device resistance, linearity, and accuracy after training are only affected by high fluence levels. The findings in this paper are in accordance with the results of previous studies on TaO x -based digital resistive random access memory. When the device is in the low-resistance state during irradiation, no resistance change was detected, but devices with a 4-k inline resistor did show a reduction in accuracy after training at 10 14 2.5-MeV Si ions/cm 2 . This indicates that changes in resistance can only be somewhat correlated with changes to devices' analog properties. This paper demonstrates that TaO x devices are radiation tolerant not only for high radiation environment digital memory applications but also when operated in an analog mode suitable for neuromorphic computation and training on new data sets.
The current-voltage (I /V ) characteristics of a typical Sandia TaO x device are shown in Fig. 1(a) . A diagram of the device cell is shown in the inset of Fig. 1 . The I /V characteristics of the virgin device are shown on the left. Prior to switching, the device undergoes a soft-breakdown process known as electroforming, with I -V behavior plotted in Fig. 1(b) . A positive bias is applied to the top electrode of the device inducing a soft breakdown in the TaO x and producing a Ta-rich filamentary switching region [ Fig. 1(a) ] (inset). Following electroforming, the device switches are plotted in Fig. 1(c) . A negative bias applied to the top electrode can increase the resistance of the device, in a process known as Reset, which places the device in the high-resistance state (HRS). A subsequent positive bias can decrease the resistance of the device again, in a process known as Set, which places the device in the low-resistance state (LRS). The current-voltage (I /V ) characteristics of these three processes are shown in Fig. 1 .
In addition to digital memory applications, it has been suggested that ReRAM may be used for training deep networks [2] , [3] . Deep neural networks are capable of outperforming traditional machine learning techniques in image recognition, autonomous vehicles, and data science applications. Training deep networks are computationally intensive and difficult to implement in portable, embedded systems, and size, weight, and power constrained (SWaP) systems such as spacecraft, rovers, and satellites. A recent analysis has demonstrated that a special-purpose accelerator, applicationspecific integrated circuit, based on analog ReRAM crossbars, can improve the performance per watt by about two orders of magnitude over a digital system-potentially enabling real-time training on embedded systems [3] . The projected performance increase is obtained by carrying out the two most computationally intensive steps in deep network training, a vector-matrix multiply and weight update in one parallel step [4] . An analog electronic vector-matrix multiply is shown in Fig. 2 . Applying bias to the left side of the crossbar produces a current on the bottom of the column which, according to Kirchhoff's laws, is a sum of the weights in the column of the crossbar multiplied by the applied voltage amplitude. Using the programmable conductance of ReRAM devices to represent weights in the matrix can allow the accelerator to carry out inference tasks with high energy efficiency. Simultaneously applying voltage pulses to the rows 0018-9499 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. and columns allows the array to efficiently calculate an outer product update in parallel, which is the key kernel for deep neural network training [4] . While there are significant potential energy advantages in using analog ReRAM devices as weights over a conventional digital memory, the accuracy of the accelerator will be negatively affected by nonlinear device characteristics [15] . It is necessary to study the impact of radiation on analog device characteristics of TaO x devices and the impact this would have on a neuromorphic computing accelerator capable of training. Radiation studies for digital ReRAM based on tantalum oxide [5] , [6] , titanium oxide [7] , [8] , and hafnium oxide [9] [10] [11] have demonstrated promising radiation tolerance results. TaO x ReRAM exhibited gradual resistance degradation only at high fluences of Si and Ta ions due to additional oxygen vacancies introduced by ion displacement damage to the switching region [5] , [6] , [12] [13] [14] .
While these studies have indicated high tolerance to radiation for digital ReRAM, these results do not rule out radiation sensitivity for the same devices in an analog neural accelerator.
In digital operation of a ReRAM device, small variations in conductance may not create memory bit errors if the device consistently switches between LRS and HRS. In a neural accelerator, the device is often changed a small fraction of the entire conductance range during every neural weight update. One of the key challenges to obtaining high neural classification accuracy following training with an analog neural accelerator is the tendency for the change in conductance to depend strongly on the starting conductance (known as the G-G characteristic) [3] . When this G-G behavior is nonlinear, the training accuracy is degraded. An ideal analog device would have a completely linear conductance response, where each update results in an equal change in conductance, regardless of the initial conductance of the device before the update. TaO x devices are far from perfectly linear in their conductance response. It is conceivable that a radiation dose far lower than the threshold is required to make a digital TaO x device lose its state, which could effect a significant negative change in the analog conductance trend of the same device. Taggart et al. [16] reported a change to the analog conductance response in conductive bridge random-access memory devices under ionizing radiation of a total dose greater than 1 Mrad. This paper explores, for the first time, the effect of heavy ion irradiation on the specific analog behavior of the TaO x ReRAM devices. These experimental results are used to model the training accuracy on an analog accelerator before and after varying exposure to heavy ion irradiation.
II. EXPERIMENTAL DETAILS
TaO x -based ReRAM devices were fabricated in the Sandia National Laboratories' Silicon Microfab facility on 6 in wafers. The switching stack composed of TiN-TaO x -Ta-TiN layers is deposited using reactive sputtering, which employs a feedback technique described in [17] . The reduced TaO x layer was 15 nm thick, the Ta layer was 15 nm thick, and the active region had 1.0 μm × 1.0 μm lateral dimensions. All measurements were made on a Cascade Microtech manual probe station with an Agilent B1500A semiconductor parameter analyzer mainframe equipped with a B1530 waveform Example of the analog programming pulses used to tune the conductance of the TaO x device. First, a measurement pulse is applied to the device, with a measurement during the peak of the pulse. Then a voltage update is applied to the device, which changes the device conductance. This programming pulse and measure cycle is applied 1000× for Set and 1000× for Reset with an opposite polarity. Note the conductance change is dependent on the state of the device.
generator fast measurement unit. GGB Industries Picoprobe model 40A-GS-250 ground signal probes were used to reduce ringing during Set and Reset pulses. Devices were formed using a standard I -V sweep, as shown in Fig. 1 , but with a maximum voltage of 3 V and a 5-μA compliance. Fig. 3 shows the analog programming scheme that is used to set the device conductance to a value such that it corresponds to a matrix weight.
In the proposed neural accelerator architecture, the device state is not known prior to update (as this would require a time-consuming write-verify scheme). Hence all updates must be "blind." A "blind" update is limited in which it cannot be adjusted according to the present conductance of the weight leading to the nonlinearity shown in Fig. 3 . A series of identical 1000 measures and update pulses are applied to the device, and the conductance response is plotted. Some of the devices had an added in-line 4-k resistor which lowers forming and Reset currents. For devices without a 4-k in-line resistor, Set was +1 V and Reset was −1.1 V. For devices with a 4-k resistor in-line, Set was +1.5 V and Reset was −2.17 V. All measurement pulses were +100 mV and current through the device was measured at the top of the pulse using the B1500 RSU to extract resistance and conductance. The devices were irradiated using the nuclear microbeam on the Sandia Ion Beam Lab's Tandem particle accelerator. A 2.5-MeV Si ion broad beam was directed at the device array and measurements were made ex situ. Results were collected in a lookup table for processing in CrossSim, the open-sourced platform for determining a device's applicability to neuromorphic computing was developed by Sandia National Laboratories [18] . CrossSim takes a statistical device conductance data set of multiple Set and Reset cycles and converts it into a lookup table. It uses this data to simulate training a neural network with weights based on analog ReRAM cells. It is assumed that either the write pulse length or write voltage can be adjusted to scale the amount written. The MNIST small images data set was used as a standard for the purposes of this paper.
III. RESULTS
To obtain a set of data which will simulate training of devices in analog mode, 20 Set and Reset cycles were performed as shown in Fig. 4 . The device was then irradiated with 2.5-MeV Si ions to a fluence of 1 × 10 10 ions/cm 2 , followed by an I /V sweep and a repetition of the cycling pulses. This process was repeated while increasing the order of magnitude each shot up to a fluence of 10 14 ions/cm 2 . Note that there is a subtle change in the analog cycling behavior of the device after the shot with fluence of 10 14 ions/cm 2 . Device resistance was extracted using Ohm's law from 100-mV I /V sweeps. Results show a significant drop in resistance after the 10 14 shot for all six HRS devices in the study. Fig. 5 shows the device resistance extracted from 100-mV I /V sweeps performed immediately after each radiation shot. After exposure to 10 14 ions/cm 2 , all devices that were in the HRS show a resistance drop. Devices in the HRS show a significant drop in resistance state at 10 14 ions/cm 2 fluence. Some noise in the data and an outlying data point may be observed in the HRS devices which is typical of filamentary ReRAM devices. Fig. 5 shows that there was no significant difference between the devices with the resistor and those without the resistor. The resistance with respect to fluence results shown in Fig. 5 is comparable to our earlier result on binary ReRAM devices where the onset of resistance change occurred near similar thresholds of calculated oxygen vacancy concentrations [19] . The devices in this paper have a thicker set of metals, both above and below the switching region, than those devices tested in our previous digital studies. Shots conducted while the devices were in the full HRS showed consistent degradation only at extremely high fluence (10 14 ions/cm 2 ), whereas the devices in the LRS showed no degradation in resistance up to the highest ion fluence tested. These fluence levels, corrected for the overlayer thicknesses, are again consistent with previous studies on digital devices which have indicated that these devices are highly radiation tolerant [5] , [6] , [12] [13] [14] . Our results are also consistent with the oxygen vacancy production mechanism due to heavy ion displacement damage. In the LRS of the device, an oxygen vacancy rich filament creates a conductive channel through the device. As heavy ion irradiation creates additional oxygen vacancies, the device, which already has a low-resistance channel, does not change its resistance. In the HRS, however, a critical region in the filament has become largely oxidized and is no longer conductive. When heavy ion irradiation creates additional vacancies within this critical region, the device resistance drops. It is worth noting that, in addition to the high activation energy required to break an O-Ta bond and displace the oxygen atom enough such that the bond does not immediately reform, the tiny scale of the critical region may well contribute to the radiation tolerance of these devices [20] .
Calculations using the stopping and range of ions in matter (SRIM) application estimate the vacancy production in the active region of the device to be 5.2 × 10 20 tantalum vacancies and 5.7 × 10 20 oxygen vacancies [21] . A plot of the vacancy distribution with respect to depth is shown in Fig. 6 . These calculations are only an order of magnitude estimate, due to the potential for variation in the thickness of the device stack. Compound densities were calculated based on stoichiometric material values, and SRIM default displacement threshold energies were used. The average ionization in the TaO x layer given by SRIM calculations was 7.5 eV/ion/Å. This corresponds to 208 Mrad for 1 × 10 14 ions/cm 2 . The corresponding linear energy transfer is 130 MeV · cm 2 /g and the total non-ionizing dose is 1.75 × 10 10 MeV/g. A plot of the average ionization with respect to depth is also shown in Fig. 6 . The exceptionally high radiation tolerance is likely due to the small volume of the critical area, which can be disrupted within the TaO x layer. While there are some unknown aspects to the conductance switching mechanism in these devices, it has been demonstrated that conductance switching occurs within a nanoscale tantalumrich filament which is created in the forming process [13] . The switch from LRS to HRS by recombination of some of the Ta and oxygen ions is hypothesized to not occur across the entire length of this filament during Reset [13] . The resistance of the device will only change if damage occurs within a small critical portion of the filament, which is already nanoscale in all three dimensions [13] .
Sandia's CrossSim code was used to evaluate the effect of radiation on training an analog ReRAM crossbar [17] , following the procedure documented in [3] . A standardized data set of handwritten digit images, known as MNIST, was used to train the network [22] . A two-layer neural network: 784 inputs, 300 hidden nodes, and 10 outputs were employed for MNIST image classification. Six devices were tested after irradiating in the LRS, and six devices were tested following irradiation in the HRS. CrossSim created a data set from the cycles following each shot and was used to simulate a plot of classification accuracy (correctly identifying the handwritten digit) versus the neural network iteration (epoch) for a sample device (Fig. 7) . While the device largely continues to switch after the shot with 10 14 ions/cm 2 fluence, subtle changes to the analog characteristics result in a lower average accuracy after training than in the nonirradiated devices. Fig. 8 shows the devices that were irradiated in the LRS. While the resistance plots in Fig. 5 would seem to indicate that no significant change occurred to the devices irradiated in the LRS, the accuracy after training on devices with an in-line 4-k resistor did show an average accuracy drop. This indicates that resistance changes are not perfectly correlated with devices' analog/neuromorphic performance after irradiation damage. In all cases, the radiation level is required to show that an effect is very high. The very high fluence levels required to impact the accuracy after training a neuromorphic accelerator based on TaO x ReRAM devices implies the applicability of this technology to SWaP-constrained embedded systems in high radiation environments.
IV. CONCLUSION
The effect of displacement damage on neural network accuracy after training on an analog-crossbar based on TaO x ReRAM array was investigated. It is found that a neural network training accelerator based on this technology is robust to ion displacement damage, requiring a shot of 2.5-MeV Si ions with a fluence of 10 14 ions/cm 2 to show a significant effect on the classification accuracy after training. The devices were still switching after all the irradiation levels were tested, and although subtle changes to their analog conductance response were observed, neural training was still possible. SRIM calculations confirm that displacement damage is occurring in the oxide. This paper provides a promising direction for embedded and SWaP-constrained pattern recognition systems for high radiation environments.
